Abstract Contrast sensitivity (CS) is the ability of the observer to discriminate between adjacent stimuli on the basis of their differences in relative luminosity (contrast) rather than their absolute luminances. In previous studies, using a narrow range of species, birds have been reported to have low contrast detection thresholds relative to mammals and fishes. This was an unexpected finding because birds had been traditionally reported to have excellent visual acuity and color vision. This study reports CS in six species of birds that represent a range of visual adaptations to varying environments. The species studied were American kestrels (Falco sparverius), barn owls (Tyto alba), Japanese quail (Coturnix coturnix japonica), white Carneaux pigeons (Columba livia), starlings (Sturnus vulgaris), and red-bellied woodpeckers (Melanerpes carolinus). Contrast sensitivity functions (CSFs) were obtained from these birds using the pattern electroretinogram and compared with CSFs from the literature when possible. All of these species exhibited low CS relative to humans and most mammals, which suggests that low CS is a general characteristic of birds. Their low maximum CS may represent a trade-off of contrast detection for some other ecologically vital capacity such as UV detection or other aspects of their unique color vision.
Introduction
Survival in the visual environment often depends on the ability to use the properties of light to find food, select a mate, avoid predators, and care for the young. Among these properties are (1) the wavelength of light, (2) the intensity of light, (3) relative light intensity or contrast, and (4) the spatial and temporal distributions of the first three properties. One of the factors in the evolutionary success of birds in terms of their large numbers of species and the wide range of environments that they inhabit has been their exploitation of these properties of the visual world. For example, birds have at least three, and often four or more cone photo-pigments, which in combination with colored oil-droplets that act as additional wavelength filters, act to create many more spectral sensitivity maxima (Bowmaker 1977; Chen and Goldsmith 1986) . These pigments and oil-droplets give birds richer color vision than is experienced by humans with their three cone photopigments and no oil-droplets. Birds are also capable of utilizing the ultra-violet portion of the electromagnetic spectrum, as has been reported in pigeons (Wright 1972; Emmerton 1983; Remy and Emmerton 1989) and passerines (Bennett and Cuthill 1994; Bennett et al. 1997; Smith et al. 2002) .
Birds also possess superior acuity, which is the ability to resolve very small objects or fine detail at very high contrast. Hawks and eagles especially are legendary for having acuities that far outstrip human acuity (Schlaer 1971; Reymond 1985; Gaffney and Hodos 2003) . Acuity, however, is only one aspect of spatial vision, because it concentrates only on the detection of stimuli that have high contrast and high spatial frequency content. Contrast sensitivity (CS), on the other hand, provides a more general picture of spatial vision by assessing the detection of stimuli over a broad range of spatial frequencies and contrasts.
CS is the ability of the observer to discriminate between adjacent stimuli, usually the light and dark bars of a grating, on the basis of their differences in relative luminosity (contrast) rather than their absolute luminances (Wandell 1995) . The observer's capacity to detect differences in contrast is dependent upon the periodicity (spatial frequency) of the grating pattern. The functional relationship between sensitivity to contrast (the reciprocal of the contrast threshold) and spatial frequency is known as the spatial contrast sensitivity function (CSF). The CSF has become a common indicator of the ability of the visual system to process spatial frequency (SF) information in both humans (De Valois and De Valois 1990; Regan 1991) and animals (Uhlrich et al. 1981) .
The CS literature contain examples of CSF that have been obtained from humans (Campbell and Green 1965; De Valois et al. 1974; Elliott 1987; Sloane et al. 1988) , macaques (De Valois et al. 1974) , squirrel monkeys (Merigan 1976) , owl monkeys (Jacobs 1977) , bush babies (Langston et al. 1986; Bonds et al. 1987) , cats (Bisti and Maffei 1974; Blake et al. 1974; Pasternak and Merigan 1981) , dogs (Aiken and Loop 1990) , rats (Legg 1984; Silveira et al. 1987; Keller et al. 2000) , ground squirrels (Jacobs et al. 1980) , tree squirrels (Jacobs et al. 1982) , tree shrews (Petry et al. 1984) , opossums (Silveira et al. 1982) , rabbits (Kulikowski 1978; Pak 1984) , goldfish (Northmore and Dvorak 1979; Bilotta and Powers 1991) , sunfish (Celenza 1994) , quail (Lee et al. 1997) , pigeons (Nye 1968; Hodos et al. 2002) , an eagle (Reymond and Wolfe 1981) , and a kestrel (Hirsch 1982) . These functions encompass both electrophysiological and behavioral data.
Previous reports of CS in birds (referenced above) indicate that birds have low maximum CS compared to mammals, which suggests that poor contrast detection may be a common feature of avian vision. Furthermore, no simple explanation seemed to account for this phenomenon (Hodos et al. 1997) , even with respect to the neural-, optical-, and stimulus-variables commonly known to affect CS (Campbell and Green 1965; Campbell and Robson 1968; De Valois et al. 1974; Savoy and McCann 1975; Koenderink and van Doorn 1978; Virsu and Rovamo 1979; Irvin et al. 1993; Rovamo et al. 1993 ). This was a surprising conclusion in a class of vertebrates that generally had been regarded as being highly visual and having remarkably good acuity and color vision (Blough 1971; Schlaer 1971; Fite 1973; Martin and Gordon 1974; Dabrowska 1975; Reymond and Wolfe 1981; Hirsch 1982; Reymond 1987; Hodos et al. 1991a; Hahmann and Gu¨ntu¨rku¨n 1993; Bennett and Cuthill 1994; Gaffney and Hodos 2003) .
In spite of their high visual acuity, their high photoreceptor densities (Fite and Rosenfield-Wessels 1975; Reymond 1985; Hodos et al. 1991a) , and their excellent optics (Snyder and Miller 1978) , surprisingly few studies have investigated the spatial CS of birds (Reymond and Wolfe 1981; Hirsch 1982; Lee et al. 1997; Hodos et al. 2002 Hodos et al. , 2003 . Such studies as have been done, have reported that birds have relatively high peak spatial frequencies, but relatively low maximum CS.
The research reported here investigated the CS of six species of birds that represent a variety of adaptations to the visual world from predators to seed eaters. These consist of pigeons and quail, owls and kestrels, starlings, and a woodpecker.
The method selected to obtain these CSFs is the PERG, which has the advantage over behavioral methods of relatively rapid data collection. One disadvantage of this approach is that the PERG is measuring the response of the retina and not directly of the brain, although there are a large number of centrifugal fibers in the avian optic tract (Cowan 1970) . Other factors such as anesthesia or cycloplegia could possibly play a role. However, studies that have compared behavioral and PERG-CS in the same subjects have found that the differences in peak CS are less than 40% (Hodos et al. 2002; Peachey and Seiple 1987) . Furthermore, electrophysiological methods already have been used successfully to obtain complete CSFs in a variety of animals (Kulikowski 1978; Jacobs et al. 1980; Pasternak and Merigan 1981; Silveira et al. 1982 Silveira et al. , 1987 Pak 1984; Bonds et al. 1987; Hemmi and Mark 1998; Porciatti et al. 2002) , including birds (Porciatti et al. 1991; Lee et al. 1997; Gaffney and Hodos 2003) .
Methods

Subjects
Subjects were white carneaux pigeons, Japanese quail, barn owls, American kestrels, starlings, and a red-bellied woodpecker. See Table 1 for taxonomic names and number of subjects. The white carneaux pigeons and Japanese quail were domesticated strains, housed in separate vivaria at the University of Maryland at College Park. The barn owls and American kestrels were non-domesticated strains that were housed in colonies at the University of Maryland (barn owls) or the Patuxent Wildlife Research Center (kestrels). The starlings and red-bellied woodpecker were wild-caught for the purpose of this experiment. Details of the methods used for trapping the wild-caught species may be found in Ghim (2003, Appendix B) .
Animal welfare
All animals were approved for use and were treated humanely under IACUC protocol R-00-60 at the University of Maryland, College Park, in compliance with Principles of Animal Care, publication no. 86-23, revised 1985, of the National Institutes of Health (USA). State Permit/License SCO-31348 and Federal Permit/License MB038451-0 were obtained for the capture and use of the wild animals. According to the provisions of these permits, all wild caught birds were euthanized at the conclusion of the experiment.
Anesthesia
The animals were anesthetized with Isoflurane, an Isoflurane and Ketamine combination, or chloral hydrate. The choice of anesthetic protocol used reflects the method that was safest and most effective for the given species. If Isoflurane was used, its concentration was adjusted to effect, and was typically 4% to induce and 0.25-2.25% during data collection. The Isoflurane was delivered in an oxygen (725 ml/m) and nitrous oxide (350 ml/m) mixture. Concentration and flow rates were controlled with a Vetroson, small animal, anesthetic machine, which was set-up as an open (non re-breathing) system. Small amounts of Ketamine (13-20 mg/kg) were sometimes used in conjunction with Isoflurane. Chloral hydrate (20%) was often used as the sole anesthetic in certain species, which was delivered into the pectoral muscles. Dosages differed for each species, ranging from 280 to 520 mg/kg. Details of the anesthesia techniques used and the doses of injected anesthetics for each species may be found in Ghim (2003, Appendix C) .
Cycloplegia
Vecuronium bromide (1 mg/ml), a synthetic curariform agent obtained from Organon Laboratories, was used as a cycloplegic agent to control fluctuating accommodation during recording in all species but the owls. This topical agent was ineffective in the owls, which suggests either of two possibilities. (1) The muscles that control these processes have a substantial proportion of smooth muscle, as in mammals, rather than striated as in most avian species (Walls 1942) , or (2) the application method is ineffective for this species, possibly due to the unusually large anterior chamber of the owl eye, which results in dilution of the cycloplegic by the large amount of aqueous humor. The empirical evidence suggests that both explanations may correct. In any event, without cycloplegia, the owl recordings were nonetheless stable, yielding relatively consistent thresholds both within and between sessions for an individual owl. In addition, the refractive state of the owls remained within ±0.35 D during the length of a recording session and remained similarly stable between sessions (Ghim 2003) . Schaeffel and Wagner (1992) report that their barn owls quickly adapted to normal accommodative resting tonus in response to lack of interesting visual targets, even in spite of retinal defocus. This finding and our observation of no accommodative drift suggest that birds have a strong lenticular resting tonus, and that they do not exert the energy to accommodate without other input. Suggestions for the identity of these other influences include attention and motivation. Moreover, Walls (1942) states that the range of accommodation for owls is at most only half that of the pigeon, which is in agreement with the 6D range found by Schaeffel and Wagner (1992) . Thus, owls were not subjected to cycloplegia in this study.
For species other than owls, approximately 0.01 ml (for the smallest animal) to 0.3 ml (for the largest animal) of vecuronium bromide (1 mg/ml) was administered topically in one drop (approximately 0.001 ml) per 30-s increments
1 . An advantage of vecuronium bromide over other curariforms is that it does not block ganglia or vagal neuroeffector junctions and does not release histamine (Volle 1990) . As a result, this agent is not believed to affect choroidal blood flow.
PERG procedure
After anesthesia, the animals were lightly restrained in a cloth wrap to prevent occasional movement, and then placed in a Kopf small animal stereotaxic instrument that had been modified so that no part of the instrument obscured the animal's view of the stimulus display monitor. The center of the pupil of one eye was aligned with the center of the stimulus display. In this orientation, the fovea was within the retinal image of the stimulus display. Body temperature was maintained by isothermal pads from Braintree Scientific Incorporated.
A 0.5-mm platinum electrode (uninsulated) was inserted through an eyelid so that it made contact with the sclera to record the pattern ERG. The electrodes were sterile and smooth, passed easily through the lid, and made maximum surface-contact with the sclera to the extent possible without indentation or distortion of the scleral curvature. A reference electrode was similarly placed on the other eye, and a ground electrode was inserted under the skin on the head.
Refractive state
Optometric trial lenses of various powers were placed 1-2 cm in front of the eye prior to recording in order to correct for the 62 cm viewing distance and to compensate for any refractive errors. The lens that resulted in the highest acuity during the refraction test was placed in position during the measurements of contrast-response functions. The refractive state was determined from the power of the lens that resulted in the highest acuity minus the 1.6 D correction for the distance from the cornea to the monitor (Hodos et al. 2002; 2003; Gaffney and Hodos 2003) . Most subjects were emmetropic or had small refractive errors of less than 1 D. The six starlings were uniformly mildly hyperopic (+0.5 to +1.0 D) and the red-bellied woodpecker had a refractive state of À1.5 D.
Azimuth and elevation
In order to align the fovea with the stimulus monitor, each subject was tested at multiple azimuth and elevation coordinates, in 2.5-degree increments, until the best signal-to-noise ratios, response amplitudes, and thresholds were obtained. Azimuth is defined here as the angle of horizontal displacement of the longitudinal axis of the animal from the line perpendicular to the front surface of the display monitor. The apex of this angle is the center of the animal's interocular axis. Elevation is defined here as the angle of vertical displacement of the longitudinal axis of the animal's head from the line perpendicular to the front surface of the display monitor. This angle originates at the same point as the apex of the azimuth. The longitudinal axis of the animal's head is the line extending from the apex to the upper palate in the oral cavity (midline of the animal's head). Table 2 shows the typical azimuth and elevation used for each species.
Stimuli
The stimuli were sets of sine-wave gratings presented at sequentially ascending contrast levels (referred to hereafter as ''sweeps'') at a particular spatial frequency, with a mean luminance of 94 cd/m 2 , generated by an Enfantä 4010 Visual Stimulator/Electrophysiological Assessment System from the NeuroScientific Corp., Farmingdale, NY. The gratings were phase reversed at a rate of 7.5 Hz. The display was a 38.26 (horizontal) by 29.21 (vertical) cm, monochrome, gamma corrected, 1,024 line, CRT computer monitor, located 62 cm from the corneal surface of the animal, subtending 34.3°by 26.51°of visual angle. The lower limit of contrast display by the equipment was 1.83%; the upper limit was 96.28%. The Enfant is also a data acquisition program, and is capable of offline processing of regressions, Fourier transformations, signal filtering, and other analytical techniques.
Each contrast level was presented for 17 reversals before the next contrast level in the sweep was presented. There were 9 contrast levels in a sweep, and a total of 50 sweeps or 7,950 reversals that were averaged in a contrast-response graph.
The grating stimuli were calibrated frequently during the course of the study, by measuring the luminance of the bars on the display monitor with a Minolta Luminance Meter that was calibrated against a tertiary standard luminance source traceable to the National Institute of Standards and Technology. Each contrast level that was used was measured in this manner and subsequently plotted in the contrast-response curves.
PERG analysis
The PERG response is a periodic, sinusoidal waveform that follows the pattern of the local luminance change. The signals were recorded through an amplifier with a gain of 10,000 and filtering of 0.5-100 Hz. Discrete Fourier transforms were performed on the signal to determine second harmonic response amplitudes; i.e., the 15 reversals of contrast per second of a 7.5 Hz stimulus. Second harmonic amplitudes collected during the 50 sweeps of contrast gratings were averaged in a data file, corrected for the true contrast, and then displayed on a contrast-response graph for a single spatial frequency.
Contrast thresholds were obtained by applying a linear regression to the linear portion of the contrastresponse functions near the visual approximation of threshold. The threshold was then extrapolated as the intercept of the regression line with the noise level.
In addition, the corresponding phase lag and phaselag variance of the response were collected at each contrast level. While mean phase lag (i.e., mean response latency) was relatively consistent with increasing contrast, phase-lag variance decreased with increasing levels of contrast. Sudden changes of phase lag in combination with a marked increase in phase-lag variance were crude but consistent indicators of the location of the threshold, and thereby served as an independent measure to verify extrapolated thresholds. Since phase-lag variance reliably exceeded ±180°at contrast levels that were at or below threshold, variance was also used as a criterion to distinguish signal from noise when applying linear regressions for threshold extrapolation. Upon extrapolation of contrast thresholds, the reciprocals of these thresholds were calculated and then plotted as contrast sensitivities. A polynomial regression was fitted to each CS data set to more clearly delineate the function. Polynomial regressions fit the CS data very well without exception.
Results
Waveforms
Typical response waveforms are shown in Fig. 1 . These waveforms were obtained at a single spatial frequency obtained from one pigeon, during a single session. While there were absolute magnitude differences between species, all of the waveforms followed a typical pattern of amplitude reduction with diminishing contrast, becoming indistinguishable from noise at contrasts below threshold. In addition, the waveforms were more or less in-phase.
Phase lag Figure 2a shows a typical contrast-response function (CRF) with its corresponding phase lag and phase-lag variances (Fig. 2b) . These response lag (latency) data were used to determine whether the amplitude generated was signal or noise. Note that phase lag is relatively consistent in addition to having small variances that increase as the contrast level diminishes to threshold. Phase lag at 0% contrast (luminance-matched blank) always has maximum variance; the corresponding response amplitude (in lV) at this contrast level constitutes our measure of noise (represented in the CRF as the horizontal reference line marked as noise). The contrast level at which phase lag variance suddenly increases to approximate the variance found at noise agrees (to the best of its resolution) with the threshold extrapolated from the CRF.
Contrast-response functions
CRFs were consistently linear. Any saturation was observed only at the highest contrast modulations. Regression functions fitted to the linear portion of these contrast-response functions all had narrow 95% confidence intervals; any data that did not fit within the confidence intervals were found only at the highest contrast levels and were not used to determine the threshold. Representative CRFs for each species are shown in Fig. 3 .
Contrast sensitivity functions
All avian CSFs obtained in this experiment had low maximum contrast sensitivities compared to mammalian functions. The CSFs for all subjects are shown in Fig. 4 . The CSFs are grouped by species. Species averages for some of the prominent characteristics of CSFs: high spatial frequency cut-off (visual acuity), maximum CS, and peak SF, are summarized in Table 3 . Fig. 1 Sample PERG waveforms from a single subject in response to sine wave gratings of various contrast. These represent the raw signal that has been low-pass filtered at 26-Hz, which serves to filter 60-Hz and other noise, and smooth the waveform. Note the reduction in amplitudes as contrast decreases
The fitted CSFs (Fig. 4) are all consistent in shape, and within species are consistent in peak SF, maximum CS, high and low spatial frequency cut-offs, and operational range of spatial frequencies (band-pass frequencies). The consistency of data is especially pronounced in the owls and quail. CSF data from barn owls, common starlings, or woodpeckers have not been reported previously. Interestingly, the data from starlings, which are diurnal birds, and barn owls, which are nocturnal birds, are nearly identical in every aspect.
Although nine woodpeckers were captured and eight were recorded, data from only one woodpecker could be obtained. A description of the difficulties of housing and recording from this species may be found in Ghim (2003) .
The starling and owl graphs in Fig. 4 contain both the data of individual subjects as well as composite plots. The composite plots are based on partial data from several subjects that were collected during extremely abbreviated recording sessions (due to high metabolism, high fatality rate, and/or reliability issues in prolonged recording sessions, see Ghim 2003 ) that were combined due to the paucity of data from any one bird. The starling composite function was based on data from three starlings; the starling CSF graph, therefore, shows data from a total of six starlings. The owl composite function consists of two subjects, for a total of four owls represented by the figure. In both species, the composite data are consistent with the individual data.
Discussion
Comparative assessment of CS
The mean CSF for each species is plotted in Fig. 5 . The mean function was obtained by plotting a polynomial regression function (methods) through the total data for all subjects of each species (same polynomial functions used in Fig. 4 ). As may be seen in the figure, all six of the avian CSFs are low in maximum CS, although there seems to be a diverse range of peak SFs and high-frequency cut-offs (visual acuities). Even the kestrels, with their wide bandwidth and high acuity, are no exception to the general avian pattern of low CS.
Pigeons PERG-CSFs have been previously obtained by Hodos et al. (2002) . The maximum CS of 7.98 and peak SF of 1.29 c/deg obtained in this experiment match closely with those obtained by Hodos et al. (7.3 and 0.98 c/deg, respectively) . In addition, the high-SF cut-off of the pigeons in this experiment (17.17 c/deg) is similar to the PERG high-SF cut-off (18 c/deg) obtained by Porciatti et al. (1991) . Comparison to the behavioral CSFs in the literature also shows reasonable similarity (Nye 1968; Hodos et al. 2002) . The maximum CS of the pigeons in this study is approximately 39% lower than the average maximum CS obtained from the behavioral pigeons. This is consistent with the differences between CS measures obtained with PERG and behavioral methods in this species (Hodos et al. 2002) . This methodological The lighter colored, triangular symbols in the top graph represent data that were not included in the linear regression to extrapolate threshold. The amplitudes at 0 and 5% contrast had phase lag amplitudes and/or variances that were incongruous with the phase lag pattern observed at higher contrasts, and were thus treated as noise comparison was made using the same subjects for the two conditions.
American kestrels
Our kestrel data differ from the behavioral CSF reported by Hirsch (1982) . Hirsch's behavioral data, however, were obtained from a single subject, whereas our data are nearly identical to those of Gaffney and Hodos' (2003) data, who report an acuity of 29 c/deg from nine subjects measured with the PERG. An additional discrepancy between our data and Hirsch's data is the extremely right-shifted low-SF cut-off of the behavioral function. This right-shifted cut-off results in an exceptionally narrow bandwidth that appears to be unique in the literature. A CSF obtained from a single eagle by Reymond and Wolfe (1981) is also right-shifted, but to a far lesser extent than for the kestrel. A possible explanation of the right-shifted low frequency cut-off of the eagle and kestrel CSFs might be the extremely small target areas that were used in both studies, which were 3.6 deg 2 and 4.5 deg 2 , respectively. Their target areas are among the smallest in the CSF literature of any species, with the exception of the target area used by De Valois et al (1974) . Small target areas up to a critical area (Rovamo et al. 1993; Luntinen et al. 1995 ) depress CS at low SFs (Campbell and Robson 1968; Koenderink and van Doorn 1978) . This effect is magnified with decreasing SF.
Hirsh also collected data at 0.25 Hz temporal modulation from the same single kestrel. This function is a better match to the CSF obtained in the present report, with respect to bandwidth and low-SF sensitivity than was her 0-Hz function. The maximum CS reported by Hirsh for temporally modulated gratings is, however, much higher than that reported for stationary gratings. Such a dramatic rise in CS with temporal modulation is also unique, as temporal modulation characteristically results in equivalent or reduced maximum CS in cats (Blake and Camisa 1977) , humans (Robson 1966; Watson and Nachmias 1977; Yang and Makous 1994; Masson et al. 1994) , and pigeons . In these species, any improvements in CS have only been seen at low SFs, which result in a closer approximation to a low-pass rather than a bandpass CSF.
Hirsch's unusual finding may be the result of some perceptual or attentional effect that this exceptionally low rate of modulation (0.25 Hz = one reversal every 2 s) imposed. Tucker's (2000) report that raptors move their heads to alternately fixate an image onto their two foveas at a frequency of once or twice per second, may be a further indication that this slow rate of modulation is biologically significant. Since such low rates of temporal modulation are not used elsewhere in the human 
Woodpecker
There are no other woodpecker data with which to compare these data. In addition, retinal cell densities have not been previously obtained in this species, rendering any speculative estimates of acuity or maximum CS impossible.
Quail
The quail data are in agreement with previous electrophysiological reports on acuity (Lee et al. 1997) . Peak SF cannot be compared to Lee et al.' s PERG data, however, because her CSFs for young adult quail do not exhibit a low-SF roll-off. Rather, the low-SF limb of her CSF continues to ascend linearly with decreasing SF, above what appears to be the beginning of a peak. This is a pattern that is not seen in any animal tested thus far, including birds, and does not match the pattern obtained both behaviorally by Hodos (unpublished data) and electrophysiologically in this experiment.
Starlings
Starling CSFs have not been previously reported. While much is known about the optics, eye movements, and relative photoreceptor proportions in these birds (Martin 1986; Hart 2001) , retinal cell density data are lacking. Thus, similar to the red-bellied woodpecker, speculative estimates of acuity and maximum CS for this species is not possible.
Barn owls
Previous CS data on only one other species of owl exists (little owls, Athene noctua) (Porciatti et al. 1989) . These data, however, were collected at only a single spatial frequency. Because a complete CSF was not obtained for the little owl, a detailed comparison is not possible. The estimated acuity (based on high-SF cut-off) obtained in the present experiment for barn owls (6.98 c/deg), however, is very close to the theorized acuity of 8.4 c/deg reported by Wathey and Pettigrew (1989) , which they estimated from retinal ganglion cell density (12,500/mm 2 ) in this species. Fig. 4 All CS data obtained, organized into CSF graphs by species. Each species graph includes all data from all subjects within that species group. A number of data points, however, are not visible because they are obscured by overlapping data. Ages and sexes are provided for those subjects whose data are known. Each of the six fitted curves shown here is a polynomial regression based on combined data from all subjects within a species
CSFs and aging
The ages of the kestrels are indicated in the kestrel legend of Fig. 4 , as age effects on acuity and CS are well documented (Owsley et al. 1983; Elliot 1987; Sloane et al. 1988; Hodos et al. 1991b) . Note that the youngest kestrel had the highest CS values relative to the two older kestrels. The variation in the pigeon CS data in the same figure may be accounted for by age-related changes. Pigeons peak in developmental maturity at 2-3 years, breed until 5 or 6 years of age, and do not show agerelated acuity deficits until 8-9 years (Hodos et al. 1991a) . The 8-year-old pigeon in Fig. 4 shows reduced sensitivity at all SFs compared to the other pigeons, and marked attenuation when contrasted with the youngest pigeon (2 year old).
Among the different species studied, the kestrels and pigeons exhibited the largest age differences as well as the largest variations in maximum CS. This relationship between age and CS for these two species has been depicted in Fig. 6 . The steep slopes in this figure suggest a strong age effect on maximum CS. While age effects on avian acuity have been well-documented (Hodos et al. 1991b; Porciatti et al. 1991) , age effects on avian maximum CS have not yet been reported in the literature.
The quail subjects were all approximately the same age. The starlings, on the other hand, were wild-caught, hence their ages were unknown. Juveniles of this species were not used, however, as they are easily identifiable.
Birds compared to mammals
None of the birds measured in this study have a maximum CS that can rival those of humans, other primates, and some other mammals. Even kestrels, which are considered to have superior visual abilities (based on their high acuities) in the range of humans , were found to have low CS in this study.
Apart from their low maximum CS, avian CSFs appear to be comparable to those of mammals. The acuities and peak SFs of the different species of birds encompass a range that reflects the diversity of ecological adaptations and is as broad as that of mammals. Finally, avian CSF studies in the literature suggest that with the exception of maximum CS, contrast functioning operates similarly in birds and mammals, as determined by CSF responses to luminance changes (pigeon, Ghim 1997) and CSF responses to temporal modulation (pigeon, Hodos et al. 2003) .
Speculations on low CS in birds
The precise cause of the low contrast phenomenon in birds is baffling. While contrast functioning appears similar in birds and mammals, there are differences in the details of the mechanism. For example, in pigeons at least, contrast responses are not generated by retinal ganglion cells, as measured by the PERG (Bagnoli et al. 1984; Blondeau et al. 1987) , whereas in mammals, properties of the ganglion cells are thought to shape the contrast response (Maffei and Fiorentini 1981; Dawson et al. 1982; May et al. 1982; Shapley and Enroth-Cugell 1984; Purpura et al. 1988 Purpura et al. , 1990 Kaplan et al. 1990; Spatial Frequency (c/deg) Relationship between maximum CS and age. Each data point represents an individual subject. Correlations: kestrels r=À0.997 and pigeons r=À0.978 Berardi et al. 1990 ). Single unit responses to contrast, however, show similarities between pigeons and highly contrast-sensitive mammals such as cats and primates (Jassik-Gerschenfeld and Hardy 1979). It is unknown at this time whether other avian species would also show effects similar to those reported from pigeons or to the results reported from mammals. The low CS of birds may be imposed by one or more trade-offs. Reymond and Wolfe (1981) suggested that the lower avian maximum CS might represent a trade-off between CS and acuity based on retinal-cell receptivefield sizes and photon noise (Hecht et al. 1942; Shapley and Enroth-Cugell 1984; Donner et al. 1990 ). This hypothesis has yet to be tested in birds.
Another possible trade-off in the specialized retinas of birds might be for ultraviolet vision at the expense of their CS. UV vision has been confirmed in at least 29 species of birds, spanning a diverse range of taxonomies and ecological habitats, and is thought to be a general property of birds, although it may be absent in some nocturnal species (Bennett and Cuthill 1994; Cuthill et al. 2000; Hart 2001 ). Pigments within these cones that are maximally sensitivity in the UV range have been isolated for several species of birds (Bowmaker and Martin 1985; Jane and Bowmaker 1988; Maier and Bowmaker 1993; Bowmaker et al. 1993) . Behaviorally, birds appear to be as sensitive, if not more sensitive, to UV wavelengths as are humans to any wavelength in their visible spectrum. In addition, birds can discriminate between various UV wavelengths (Emmerton and Delius 1980) . UV detection is thought to serve navigational (Coemans and Vos 1992; Able and Able 1993) foraging (Burkhardt 1982; Bennett and Cuthill 1994) , and sexual selection functions (Burkhardt 1982; Maier 1994; Bennett et al. 1997; Eaton and Lanyon 2003) .
Mammals are generally not UV sensitive and exhibit high maximum CS. Furthermore, the few mammals that exhibit low maximum CS (opossum, Silveira et al. 1982; rat, Legg 1984; tree shrew, Petry et al. 1984) , have either been shown to be UV sensitive (rats, Jacobs et al. 1991) or have not yet been tested for their UV abilities.
Finally, a behavioral study in which contrast increment thresholds (difference thresholds) were measured for each cone type in goldfish showed that contrast increment thresholds of UV sensitive cones were five times larger than those for other cones 2 (Hawryshyn 1991) . Due to these observations, the possibility of a trade-off between UV sensitivity and CS warrants further investigation.
A third possible explanation for the low CS observed in birds is a trade-off between achromatic CS and chromatic sensitivity due to cone coupling, which is the electrical coupling of neighboring cones via electrical gap junctions (Hsu et al. 2000) . Cone coupling is present in mammals, including primates. Hsu and colleagues present a model which shows that cone coupling, even extremely small amounts, decreases chromatic sensitivity by shifting the action spectra of the L and M cone types closer together and dramatically suppressing the action spectrum of the S cone type. These authors contend that these alterations to the action spectra enhance achromatic CS by increasing signal to noise. Resolution is not affected because the resulting blurring is less than the resolution limits of mammalian optical systems.
It is not known what the extent of cone coupling is in avian retinas, with the exception of double cones, which has been implicated in movement detection rather than wavelength discrimination (Vorobyev and Osorio 1998; Hart 2001) . The other avian cones fall into the category of single cones, which have been associated with chromatic discrimination (Emmerton and Delius 1980; Jane and Bowmaker 1988; Maier and Bowmaker 1993) . It is plausible that birds, with their typical four single cone types, employ more than one mechanism for differentiating cone spectral sensitivities, one of which may be to minimize electrical cone coupling at the expense of enhanced CS.
